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The First 50 Plant Genomes Todd P. Michael* and Scott Jackson F ifty-five plant genomes have been published to date representing 49 different species (Table 1 includes PubMed IDs for complete reference). What have we learned from the first wave of plant genomes? It has been said that plant genome papers (and genome papers in general) are dry and lack "biology" and that the days of high impact plant genome papers are drawing to a close unless they explore significant biology. However, with each new genome, earlier observations are refined and plant genome papers continue to reveal novel aspects of genome biology. For example, the tomato and banana genome papers refined current thinking on the whole genome duplications (WGD) that shaped dicot and monocot genome evolution (D'Hont et al., 2012; Tomato Genome Consortium, 2012) . These observations were enabled not only by high quality genome assemblies but also by a greater number of genomes available for comparisons. In addition, the initial round of plant genomes enabled the first generation of functional genomics that helped to define the roles of hundreds of genes, provided unprecedented access to sequence-based markers for breeding, and provided glimpses into plant evolutionary history. More genomes, representing the diverse array of species in Viridiplantae are still required to gain a full understanding of plant genome structure, evolution, and complexity.
It All Started with a Wild Mustard Plant
Since the publication in 2000 of the model Arabidopsis thaliana genome in the journal Nature, the number of genomes has steadily increased, peaking in 2012 with 13 publications (Fig. 1A ). At this current trajectory there should be hundreds of plant genome publications over the next several years. Genome papers have been quite formulaic with a description of the assembly, gene numbers, repeats, WGDs, over and under-represented gene families, and finally, some aspect of novel biology, usually with a focus on transcription factors. Genomes have been published in 12 different journals with 38 of the 55 (69%) published genomes appearing in Nature journals (Nature, Nature Genetics, Nature Biotech, and Nature Communications); Science is second with six published genomes. As we see from the most recent publication of the Capsella rubella genome paper, the genome paper is shifting from a formulaic approach to a focus on how the genome elucidates novel biological aspects, such as the evolution of selfing to an outcrossing mating system (Slotte et al., 2013) . The trend toward biology is quite positive and necessitated by demands for publication in high impact journals. However, the plant community is just at the beginning of exploring the diversity of plant genomes, and the rigor of the genome paper model with the associated in-depth exploration of genome features provides an essential foundation for the plant research community.
One of the forces driving the rapid increase in fully sequenced plant genomes is the exponential decrease in cost and speed of genome sequencing fueled by high throughput DNA sequencing (Schatz et al., 2012) . More than half of the published genomes have been sequenced entirely or partly using Sanger technology (Table 1) , which provides long as BACs (bacterial artificial chromosomes), are finding a place in hybrid sequencing approaches such as in the highly heterozygous pear genome (Wu et al., 2013) . Most of the plants chosen to be sequenced to date fit specific criteria such as size of research community, model organisms or economically important, small genome size, ploidy (diploid), availability of inbred lines (low heterozygosity), access to genetic and physical maps, expressed sequence tags (EST)/transcriptome and other genomic tools. Seventythree percent (40) of the plant genome publications have been on crop species and some of these crop species double as model systems while several were sequenced purely for research such as Arabidopsis thaliana, Arabidopsis lyrata, Brachypodium distachyon, Physcomitrella patens (moss), and Selaginella moellendorffii (spikemoss). Most (94%) genomes sequenced to date are Angiosperms, of which 36 are dicots and 16 are monocots, while only one gymnosperm (spruce), one bryophyte (moss), and one lycophyta (club-moss) have been sequenced (Table 1) . Much of the early decisions about which genomes to sequence were driven by the Department of Energy Joint Genome Institute (JGI), which resulted in the publication and public availability (phytozome) of eleven of the highest quality plant genomes. The Beijing Genome Institute (BGI) has contributed consistently over the years starting with the rice genome, then ten additional genomes primarily based on Illumina technology, and now they have announced a large-scale plant genome sequencing project. However, a "1000 plant genome project" analogous to that in other communities has yet to emerge.
Plant Genomes Both Large and Small
Plant genome sizes span several orders of magnitude from the carnivorous corkscrew plant (Genlisea aurea) at 63 megabases (Mb) to the rare Japanese Paris japonica at 148,000 Mb (Bennett and Leitch, 2011 Fig. 1B ). Access to high quality reference genomes confirmed that long terminal repeats (LTRs) retrotransposons are a primarily driver of the dramatic size range in plants (El Baidouri and Panaud 2013) . For the large barley genome (5100 Mb), where retrotransposons are abundant and more recently active, a powerful genomics resource was generated through an alternative "gene-ome" approach by anchoring a high quality genespace assembly on a deep physical map merged with high-density genetic maps (International Barley Genome Sequencing Consortium, 2012). In contrast, large gymnosperm genomes have highly diverged ancient repeats, which could make assembling these genomes tractable with current sequencing and assembly technologies (Kovach et al., 2010) . The smallest reported conifer genome is the same size as maize and the median genome size is 9700 Mb, which is why a large push to sequence gymnosperms may have to wait for the next wave of sequencing technologies with increased read length and decreased price. As the community moves forward to choose the next round of genomes to sequence, the Kew Genome Size database will continue to provide a rich resource of non-model/non-crop species to investigate (Bennett and Leitch, 2011). One measure of genome assembly quality is the contiguity or the length of contigs and scaffolds at which 50% of the assembly can be found; this is commonly referred to as N50. Sorghum, Brachypodium distachyon, soybean, and foxtail millet have the top four scaffold contiguities with 62.4, 59.3, 47.8, and 47.3 Mb respectively and all four were sequenced using Sanger as part of the JGI pipeline (Table 1) . However, the genome with the ninth largest scaffold N50 is the tomato genome at 16 Mb, which was predominantly assembled using 454. Each scaffold is comprised of thousands of contigs and contig length generally drives the completeness and quality of the gene predictions. Not surprising, the 11 JGI assemblies based on Sanger have the top contig N50 ranging from 347 to 119 kilobases (kb), while the median contig N50 for all assemblies is 25.6 kb. Illumina based assemblies, primarily from BGI, have a similar median length (25.9 kb), which reflects their comprehensive strategy that makes use of different sized sequencing libraries. Another measure of a genome assembly is the amount of the genome captured in the assembly. Of the published genomes, the median genome assembly captured 85% of the predicted genome size, which is usually estimated by flow cytometry or more recently by k-mer depth analysis. The remaining fraction of the genome not assembled generally represents the highly repetitive portion of the genome such as high copy number ribosomal repeats, centromeres, telomeres, and transposable elements. Therefore an average plant genome assembly captures 85% of the genome space in thousands of contigs with an N50 of 20 kb and tens of scaffolds with an N50 of 1 Mb.
Annotation of any genome, but particularly plant genomes, is difficult especially as the definition of what constitutes a gene continues to evolve. Many parts of the genome are 'expressed' in that RNAs are formed, but do not correspond to traditional genes in that they are not translated to a protein. However, most annotated plant genomes have between 20,000 and 94,000 genes with a median predicted gene count of 32,605 (Table 1, Fig. 1C ). Differences between genomes most likely lies in the tools used for annotation and how relaxed the annotators were in calling genes as well as lineage-specific genes and gene family expansions. Genomes produced by next generation sequencing typically have smaller contig and scaffold sizes that complicate annotation as genes may not exist on single contigs but may be broken across contigs, thus inflating the number of annotated genes (e.g., pigeon pea, Varshney et al., 2012) . Further complicating annotation is that there are many expressed non-coding RNAs that are functionally important (Eddy, 2001) , but not considered genes in a traditional sense. Small RNA precursors are often not included in a genome annotation, but are important for plant development and silencing of TEs (Arikit et al., 2013) . Small RNAs and other non-coding RNAs are often annotated and curated separately from genome annotations in small, boutique databases. Long-term, however, one goal should be to combine these various sources of information into a single database/annotation making it easier for the biologist to pull together relevant information needed for forming hypotheses.
Plant genomes are packed, and often obese, with transposable elements (TEs) (Bennetzen 2000) , which contain protein-coding sequences that are often annotated as genes. In rice, for instance, it was estimated that only 40,000 of the more than 55,000 annotated genes are really genes and that the other 10,000 to 15,000 are TEs-usually low copy TEs as high copy elements are relatively easy to find (Bennetzen et al., 2004) . TEs include various families that move via copyand-paste (class I) and cut-and-paste (class II) mechanisms. Copy-and-paste TEs can dramatically increase the size of a genome such as occurred in a relative of rice with a genome nearly two-fold larger than rice (Piegu et al., 2006) . Transposon biology is an intriguing area of research and relies on relatively complete genomes so that TEs are captured in sequence contigs and can be accurately annotated. Schemes for classification of TEs have been agreed on (Wicker et al., 2007) , but annotation of non-LTR TEs is complicated by the lack of structural clues that allow routine ab initio prediction (El Baidouri and Panaud, 2013) . Another complication is that in genomes produced by short read DNA sequencing technology, TEs are often missed in the assembly due to their repetitive nature. Genomes sequenced to date range from 3 to 85% repetitive sequence (Table 1 ; median 43%), with TEs, specifically cut-and-paste TEs (LTRs), comprising the majority of that sequence. Capturing and annotating these genomic components is important as it is becoming increasingly clear that TEs can be domesticated to function in gene regulation and as structural components of the genome.
Making Genomes "Functional"
One of the key take homes from the first 49 sequenced plant species is that we still have a lot to learn about the organization of genomes, function of genes, and how to characterize the non-coding space. Each new genome uncovers novel genes specific to a species, and a vast amount of non-coding space that requires methods for ab initio and functional annotation. One specific challenge is how we will leverage a growing number of high throughput technologies, otherwise referred to as "omics" approaches, to functionally annotate features of the plant genome. In this special issue of The Plant Genome we highlight several omics studies that have used high throughput approaches such as gen-omics (SNP detection), epigen-omics (methylation) metagenomics (plant-fungal interactions), and ion-omics (element profiling) to refine our functional understanding of several key crop genomes (Eichten et al., 2013; Roorkiwal et al., 2013; Ruzicka et al., 2013; Ziegler et al., 2013) . As we have seen through the model organism and human ENCODE projects, the layering of omics data exponentially increases the value of a reference genome (Celniker et al., 2009; ENCODE Project Consortium 2012) .
While reference genomes provide a starting point, or platform for discovery in a specific species, it only captures a brief moment in the history of that species' diversity and lacks the information content that would enable activities such as molecular breeding and phylogenetic analyses. Roorkiwal et al. (2013, this issue) describe the development of an Illumina BeadXpress SNP genotyping platform for two important crops in the developing world, pigeon pea and chickpea (Roorkiwal et al., 2013) . Both pigeon pea and chickpea have lagged behind other crops in their genetic improvement due to a lack of genome and breeding resources that would enable such applications as marker assisted selection (MAS) and phylogenetic screens to identify genetic novelty in wild species. The development of an Illumina BeadXpress SNP genotyping platform provides the opportunity to assess larger populations of plants with an adequate density of markers, which is ideal for breeding applications such as MAS and scans of diversity for disease and abiotic traits.
A prominent feature of plant genomes is their epigenetic landscape. The epigenome encompasses DNA methylation, histone modifications and other modifications not directly encoded in the genome. In general, DNA methylation is thought to mark permanent changes in the genome that must exist over the developmental lifetime of the plant, such as silencing transposable elements in embryonic tissue to protect the fidelity of the genome from transposition. Eichten et al. (2013, this issue) address the question of whether DNA methylation also specifies tissue types in maize. Using genome-wide array and sequencing technologies to assess DNA methylation and gene expression in two maize inbreds, B73 and Mo17, across four tissue types (leaf, immature tassel, embryo and endosperm), the authors find that there are more differentially methylated regions (DMRs) between maize inbreds than in the tissues they sampled (Eichten et al., 2013) . The DMRs that were identified between tissue types did not correlate with subsequent expression changes suggesting the DMRs were not in fact functional in specifying tissue type. Despite other plants such as tomato that display tissue and developmentally regulated DMRs (Zhong et al., 2013) , this may not be a general phenomenon in other species such as maize, which highlights the need to functionally define genomic elements in specific species.
Genetic screens are still the primary tool for functionally defining features of genomes. Mutant screens have been central in elucidating pathways, uncovering novel functionality of known genes, and allowing the discovery of novel non-coding features such as epigenetic regulation and small RNAs. Ziegler et al. (2013, this issue ) describe a powerful high throughput mutant screen for elemental differences between field grown soy plants, which could be applied to any plant species with modestly sized seeds like soy (Ziegler et al., 2013) . High throughput elemental profiling, or ionomics, is an emerging omics platform that provides a glimpse of a plant-soil environment and how that plant is accessing that environment. Ionomics screens have been powerful at detecting genetic factors controlling ion uptake but also have started to shed light on root architecture and morphology. Therefore, this high throughput screen, which is agnostic to plant species, has the potential to functionally characterize a plant organ, the root, which has traditionally been difficult to define genetically and molecularly in a field environment.
An almost uncharacterized area of plant biology is the complement of organisms that live mutually with plant communities, or the metagenome. In many plants, the acquisition of inorganic minerals is facilitated by an active network of mycorrhizal associations between soil fungal species and plant roots. However, assessing how these fungal and plant species interact has been hampered by the fact that many fungal species cannot be cultured. The advent of high throughput sequencing has enabled an unprecedented opportunity to identify the genomic changes induced through these communal relationships. Ruzicka et al. (2013, this issue) use high throughput sequencing to characterize the transcriptomes of both the tomato genome and its arbuscular mycorrhizal fungal symbiont in the field (Ruzicka et al., 2013) . Instead of culturing the symbiont, a metagenomic sequencing strategy was employed where RNA from a wild-type tomato plant and a mutant for reduced mycorrhizal colonization were sequenced and bioinfomatically separated. This metagenomic analysis revealed a suite of genes for transport and cell wall remodeling required for the symbiotic relationship. Metagenomic sequencing will open up the opportunity to explore additional symbiotic relationships and further functionally characterize aspects of the genome that are not innate to the genome sequence.
Future Plant Genomes
The first ~50 plant genomes have provided a glimpse at the gene number, types and numbers of repeats, and how genomes grow and contract. However, we are just at the beginning of defining the functional aspects of plant genomes. To reach the goal of breeding better plants for future food, clothing, and energy, we will need to expand both the species sequenced, the number of species resequenced, and the type of omics data layered on genomes. Currently only one gymnosperm has been sequenced and no CAM (Crassulacean acid metabolism) photosynthetic plants have been sequenced. While we have come a long way over the past 13 yr since the publication of the Arabidopsis genome, we still have a long way to go before we will be able to engineer the plant of the future.
Current Access to Plant Genomes
General Plant Genome Resources (accessed 24 July 2013) Table 1 is also available for download with the online version of this article.
